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ABSTRACT 

S u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  is an a t t r a c t i v e  process  pr imar i ly  because the  
dens i ty  and s o l v e n t  power of a f l u i d  changes dramat ica l ly  with pressure a t  
temperatures near  t h e  cr i t ical .  I n  complex s u p e r c r i t i c a l  e x t r a c t i o n s ,  such a s  the  
e x t r a c t i o n  of c o a l ,  t h e  d e n s i t y  of t h e  s u p e r c r i t i c a l  f l u i d  should a l s o  change the  
e x t r a c t a b i l i t y  of t h e  coal .  In t h i s  experiment a non-reacting s u p e r c r i t i c a l  
f l u i d ,  to luene ,  was s tudied  t o  determine t h e  e f f e c t  of d e n s i t y  on the  coa l  
ex t rac t ion / reac t ion  process .  Ext rac t ions  were c a r r i e d  out  f o r  two t o  60 minutes 
at reduced d e n s i t i e s  between 0.5 and 2.0 and a t  temperatures  between 647 and 
698K. t h e  d a t a  obta ined  can be explained by t h e  hypothesis  t h a t  coa l  d i sso lu t ion  
i s  required preceding l i q u e f a c t i o n  reac t ions  and t h a t  t h e  degree of d isso lu t ion  
depends upon so lvent  d e n s i t y  and temperature. 

INTRODUCTION 

E a r l i e r  e f f o r t s  aimed a t  understanding s u p e r c r i t i c a l  e x t r a c t i o n  of coal used 
both  flow and b a t c h  r e a c t o r s .  

In the  f low c o a l  was packed i n t o  the  reac tor  and the  
s u p e r c r i t i c a l  f l u i d  w a s  passed through the bed of coa l  u n t i l  t h e  condensed 
e f f l u e n t  w a s  c l e a r .  The conversion was def ined as t h e  t o t a l  weight loss of the 
c o a l  due t o  e x t r a c t i o n  by t h e  so lvent .  

In batch s y ~ t e . m s ( ' ) - ( ~ ~ ) ,  t h e  coa l  and so lvent  were placed i n  a reac tor  and 

More recent  ~ t u d i e s ( l ~ ) * ( ~ ~ )  have employed a rap id  i n j e c t i o n  autoclave,  where 
c o a l  i s  i n j e c t e d  i n t o  a preheated s u p e r c r i t i c a l  so lvent .  Af te r  the  reac t ion  i s  
over  t h e  products  are quenched by passing water  through i n t e r n a l  cool ing c o i l s .  

heated toge ther  t o  t h e  r e a c t i o n  teapera ture .  

m e  g e n e r a l  t r e n d s  observed i n  t h e  s t u d i e s  d iscussed  above do provide some 
important i n s i g h t s ;  h igher  temperatures and higher  d e n s i t i e s  r e s u l t  i n  higher  
conversions p a r t i a l l y  because more coa l  d i sso lves  i n  t h e  s e r c r i t i c a l  solvent  a s  
temperature and d e n s i t y  are increased.  Blessing and Ross?') c o r r e l a t e d  the  coa l  
conversion t o  p y r i d i n e  s o l u b l e s  wi th  t h e  Hldebrand  S o l u b i l i t y  Parameter, 6 ,  which 
they  def ined as 

where P, is t h e  c r i t i c a l  p ressure  of t h e  medium i n  atmospheres, P ,  is  its reduced 
d e n s i t y  and pE i s  genera l ized  reduced d e n s i t y  of l i q u i d s ,  taken t o  be 2.66. They 
found t h e  product  p y r i d i n e  s o l u b i l i t y  t o  be a l i n e a r  func t ion  of 6 .  

EXPERIMeNTAL 
I_ -- 

Bruceton bi tuminous,  a P i t t sburgh  Seam c o a l  was  used i n  t h e  experiment. The 
The c o a l  was d r i e d  i n  vacuum @ 343 chemical a n a l y s i s  of  c o a l  i s  g iven  i n  ' b b l e  I. 

K p r i o r  t o  use  and s t o r e d  i n  g l a s s  conta iners  under n i t rogen .  
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S u p e r c r i t i c a l  Coal Liquefact ion Procedure 

The experimental apparatus  i s  shown i n  Figure 1 and c o n s i s t s  of a I-L 
s t a i n l e s s  steel au toc lave  equipped wi th  a b g n e d r i v e  s t i r k e r  and a c o a l  i n j e c t i o n  
system. The reac tor  i s  charged with a known q u a n t i t y  of toluene depending on t h e  
f l u i d  d e n s i t y  d e s i r e d  f o r  t h e  experiment and i s  heated a t  3-4 Umin t o  t h e  
temperature desired.  Once t h i s  temperature is reached, ambient coa l  is i n j e c t e d  
i n t o  the  reac tor  from a c o a l  r e s e r v o i r  using h igh-pressure  Argon. lhe average 
weight of in jec ted  coa l  was 3Og. Reaction times are measured from t h e  time at  
which t h e  c o a l  is i n j e c t e d .  

The l i q u i d  and s o l i d  contents  were c o l l e c t e d  from t h e  r e a c t o r  and placed i n  
a n  e x t r a c t i o n  thimble which was then  placed i n  a soxhle t  u n i t .  'he contents  were 
then ex t rac ted  wi th  toluene u n t i l  t h e  e x t r a c t a n t  w a s  c l e a r  a f t e r  which t h e  thimble 
was d r i e d  and weighed. The weight of t h e  d r i e d  product is designated as toluene 
inso lubles .  

The conversion, based on the  e x t r a c t i o n  r e s u l t s .  are def ined below. 

Gases, Oils and Asphaltenes (GOA), X - 100 x 

(SaJLnJected ( 9 )  - to luene  inso lubles  (9) 
coal  i n j e c t e d  (g)  

All weights a r e  on a moiature and a s h  f r e e  b a s i s .  

) 

Discussion 

Experiments were c a r r i e d  out  wi th  Bruceton c o a l  and toluene a t  s u p e r c r i t i c a l  
toluene d e n s i t i e s  i n  t h e  range of 0.157-0.601 g/cc .  m e  temperature range s tudied  
w a s  647-698,K and t h e  r e a c t i o n  t i m e  was var ied  from two minutes t o  60 minutes. 

'he  r e s u l t s  of experiments a t  647K and reduced d e n s i t i e s  of 0.5 t o  2.0 
( toluene d e n s i t i e s  of 0.157 g/cc and 0.601 g/cc)  a r e  given i n  Figures  2a and 2b. 
lhe experimental r e s u l t s  show t h a t  to luene  s o l u b l e s  ( o i l s ,  asphal tenes ,  and gases)  
a r e  produced during t h e  react ion.  They a l s o  show t h a t  t h e  amount of toluene 
so lubles  formed a t  low r e a c t i o n  times increases  with both temperature and 
dens i ty .  In  addi t ion ,  s o l u b i l i t y  s t u d i e s  have shown t h a t  the  amount of a s o l i d  
which can  d isso lve  i n  a s u p e r c r i t i c a l  f l u i d  increases  wi th  d e n s i t y  and,  genera l ly ,  
with temperature. Hence, we  concluded t h a t  t h e  conversion of c o a l  t o  o i l s  + 
asphal tenes  + g a s e s  i s  i n  some sense  l i m i t e d  by t h e  d i s s o l u t i o n  of the  c o a l  i n  t h e  
so lvent .  

We hypothesize t h a t  t h e  only par t  of t h e  coa l  which undergoes r e a c t i o n  t o  
gas ,  o i l s  and asphal tenes  i s  t h e  d isso lved  f r a c t i o n ,  which increases  with 
temperature and dens i ty .  Increases  i n  t h e  d isso lved  f r a c t i o n  thus  lead  t o  higher  
conversions and f a s t e r  r e a c t i o n  r a t e s .  These(fqfversion products  then p a r t i c i p a t e  
i n  re t rogress ive  reac t ions  (Amestica and Wolf ) forming char ,  so t h a t  at longer  
times ( 1 5  minutes O K  more) t h e  y i e l d  of gases  + o i l s  + asphal tenes  decreases .  A t  
lower temperatures (647 K), the  re t rogress ive  reac t ions  are i n s i g n i f i c a n t  and 
conversion does n o t  decrease with time. 

The above hypothesis  is w e l l  explained by t h e  r e s u l t s  given i n  Figures  2a and 
2b. A t  a lower d e n s i t y  of 0.157 g/cc  t h e  f r a c t i o n  of c o a l  d i sso lved  i n  t h e  
s u p e r c r i t i c a l  f l u i d  i s  much lower than when t h e  d e n s i t y  of t h e  s u p e r c r i t i c a l  f l u i d  
i s  0.601 g/cc .  tlence, t h e  f r a c t i o n  of c o a l ,  which i s  converted t o  asphal tenes ,  
o i l s  and gases ,  i s  a l s o  lower. 

The r e s u l t s  of experiments at 673 K and reduced d e n s i t y  of 1.0 and 1.5 
( s u p e r c r i t i c a l  to luene  d e n s i t y  of 0.301 g / c c  and 0.444 g/cc)  are given i n  Figure 
3a. A s  observed a t  647 K. the  coa l  conversion t o  gases  + o i l s  + asphal tenes  
( toluene so lubles )  i n c r e a s e  wi th  r e a c t i o n  time and wi th  t h e  d e n s i t y  of t h e  
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s u p e r c r i t i c a l  f l u i d .  The re t rogress ive  reac t ions  are more s i g n i f i c a n t  now and 
hence,  t h e  to luene  s o l u b l e s  show a maxima in conversion with t i m e .  

The r e s u l t s  o f  experiments a t  698 K and reduced dens i ty  of  1.0 and 1 .5  
( s u p e r c r i t i c a l  to luene  d e n s i t y  of  0.301 g / c c  and 0.444 g / c c )  a r e  given in Figure 
3b. As observed a t  647 K and 673 K. t h e  c o a l  conversion t o  gases  + o i l s  + 
asphal tenes  ( toluena s o l u b l e s )  increases  with r e a c t i o n  t i m e  and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d .  The re t rogress ive  reac t ions  are more pronounced than t h a t  a t  
673 K but we s t i l l  observe a maxima in t h e  to luene  s o l u b l e s  a s  a func t ion  of 
reac t ion  t i m e .  The i n i t i a l  r a t e  of formation of toluene so lubles  ( a s  seen from 
t h e  s teepness  of  t h e  curves  of  toluene s o l u b l e s  versus  r e a c t i o n  t i m e )  is higher  a t  
h igher  d e n s i t y  and higher  temperature. Also n o t e  t h a t  t h e  amount of toluene 
so lubles  at  t h e  maxima is higher  when t h e  temperature and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d  is higher .  This is c o n s i s t e n t  with the  hypothesis  t h a t  the  
so luble  f r a c t i o n  o f  t h e  c o a l  increases  wi th  temperature  and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d .  

Because c o a l  is heterogeneous in nature, a s  t h e  dens i ty  I s  increased,  heavier  
and heavier  c o a l  f r a c t i o n s  (as opposed t o  more and more of t h e  same f r a c t i o n )  a r e  
dissolved in t h e  s u p e r c r i t i c a l  f l u i d .  These would not  d i s s o l v e  i f  the  dens i ty  of 
t h e  s u p e r c r i t i c a l  f l u i d  were lower, and t h e  s u p e r c r i t i c a l  f l u i d  is, i n  genera l ,  
un l ike ly  t o  be s a t u r a t e d  wi th  any given f r a c t i o n  t h a t  is s u b s t a n t i a l l y  dissolved 
( i .e .  e i t h e r  zero O K  100% of a f r a c t i o n  is disso lved) .  For example, i f  coa l  is 
considered t o  be composed of  100 f r a c t i o n s  charac te r ized  by increas ing  molecular 
weight ,  more and more of t h e s e  f r a c t i o n s  d i s s o l v e  as dens i ty  i s  increased ,  b u t t h e  
s o l u b i l i t y  of a given f r a c t i o n  goes from (approximately) z e r o  t o  100% over a small 
change i n  dens i ty .  I f  a given f r a c t i o n ,  number 46 f o r  example, is disso lved ,  then 
more of t h a t  molecular weight group would d i s s o l v e  a t  t h a t  d e n s i t y  i f  i t  were 
present ,  but  none o f  t h e  undissolved f r a c t i o n s  would d i s s o l v e  regard lese  of t h e  
amount of c o a l  present .  Hence, t h e  f r a c t i o n  of t h e  c o a l  and not the  amount of 
c o a l  which d i s s o l v e s  in t h e  s u p e r c r i t i c a l  f l u i d  is a s t r o n g  func t ion  of dens i ty  
and temperature of t h e  s u p e r c r i t i c a l  f l u i d .  In  o t h e r  words. i f  the  amount of coa l  
i n j e c t e d  i n t o  the  s u p e r c r i t i c a l  f l u i d  a t  given temperatures and d e n s i t y  w a s  
reduced t o  i t s  half  value.  t h e  absolu te  amount d isso lved  w i l l  f a l l  by 50%. 

I f  t h e  amount o f  c o a l  i n j e c t e d  w a s  increased  i n d e f i n i t e l y ,  then  a poin t  might 
be reached where t h e  s u p e r c r i t i c a l  f l u i d  is s a t u r a t e d  wi th  d isso lved  coal .  I f  the  
amount of c o a l  i n j e c t e d  is increased beyond t h i s  va lue ,  t h e  f r a c t i o n  of dissolved 
c o a l  a n d  t h e  f r a c t i o n a l  c o a l  conversion w i l l  s t a r t  decreasing.  The amount of 
dissolved c o a l  in t h e  s u p e r c r i t i c a l  f l u i d  w i l l  be independent of t h e  amount of 
c o a l  i n j e c t e d  in such a case.  

Conclusions 

When c o a l  is contac ted  wi th  a non-donor s u p e r c r i t i c a l  f l u i d  a par r  of the  
c o a l  ins tan taneous ly  d i s s o l v e s  in t h e  s u p e r c r i t i c a l  f l u i d .  The d isso lved  coa l  
undergoes l i q u e f a c t i o n  reac t ions  which a r e  thermal  in nature  r e s u l t i n g  in toluene 
s o l u b l e  products  being formed from c o a l .  These products  can subsequent ly  undergo 
re t rogress ive  r e a c t i o n s  y ie ld ing  inso luble  mater ia l .  Hence t h e  toluene so lubles  
show a maxima I n  conversion wi th  time. 

The f r a c t i o n  of coa l  which d isso lves  ins tan taneous ly  in the  s u p e r c r i t i c a l  
f l u i d  increases  wi th  a n  increase  in the  d e n s i t y  and temperature of t h e  
s u p e r c r i t i c a l  f l u i d .  This e f f e c t  is similar t o  t h a t  genera l ly  observed f o r  the  
s o l u b i l i t y  of a s o l i d  i n  a s u p e r c r i t i c a l  f l u i d .  With a n  increase  i n  d e n s i t y  and 
temperature h igher  molecular  compounds present  in c o a l  go i n t o  s o l u t i o n ,  r e s u l t i n g  
in a n  undersatured s o l v e n t  wi th  the  f r a c t i o n ,  no t  t h e  amount, of t h e  c o a l  which is 
being dissolved.  
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TABLE 1 

Analysis of Bruceton Bituminous Coal 

ASH 

Carbon 
Hydrogen 
Sulfur  
Nitrogen 

3.93a 

82 .6gb 
5.56b 
1 .46b 
1 .7Zb 

a - moisture  f r e e  b a s i s  - moisture  and a s h  f r e e  b a s i s  
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